Abstract The study addresses the application of fluorescent coelenteramide-containing proteins as color bioindicators for radiotoxicity evaluation. Biological effects of chronic low-dose radiation are under investigation. Tritiated water (200 MBq/L) was used as a model source of low-intensive ionizing radiation of beta type. 'Discharged obelin,' product of bioluminescent reaction of marine coelenterate Obelia longissimi, was used as a representative of the coelenteramide-containing proteins. Coelenteramide, fluorophore of discharged obelin, is a photochemically active molecule; it produces fluorescence forms of different color. Contributions of 'violet' and 'blue-green' forms to the visible fluorescence serve as tested parameters. The contributions depend on the coelenteramide's microenvironment in the protein, and, hence, evaluate distractive ability and toxicity of radiation. The protein samples were exposed to beta radiation for 18 days, and maximal dose accumulated by the samples was 0.28 Gy, being close to a tentative limit of a low-dose interval. Increase of relative contribution of 'violet' fluorescence under exposure to the beta irradiation was revealed. High sensitivity of the protein-based test system to low-dose ionizing radiation (to 0.03 Gy) was demonstrated. The study develops physicochemical understanding of radiotoxic effects.
Introduction
Coelenteramide-containing fluorescent proteins (CLM-CFP) are convenient systems for studying the physicochemical mechanisms of toxic effects. Structural components of fluorescent proteins are polypeptide and aromatic fluorophore. Fluorophore of CLM-CFPs is coelenteramide (CLM) molecule, which is bonded non-covalently with polypeptide inside its hydrophobic cavity. The CLM-CFPs are known to be products of bioluminescent reactions of marine coelenterates (jellyfishes, polyps, etc.). In the course of these reactions, 'photoproteins' (complexes of polypeptides with 2-hydroperoxycoelenterazine) are reconstructed ('discharged') by addition of Ca 2+ resulting in light emitting. This is why the CLM-CFPs are called 'discharged photoproteins,' and this term is commonly used in scientific literature. Unlike green fluorescent proteins, the CLM-CFPs are not so widespread in biomedical investigations and their potential as color biomarkers is currently underestimated.
Fluorescence spectra of CLM-CFPs are wide and asymmetric; they include several components corresponding to different forms of CLM [1] [2] [3] . Chemical structures of neutral and ionized forms of CLM are presented in Fig. 1 . Contributions of these forms to the overall fluorescence spectrum can change. These changes are concerned with photochemical activity of CLM, namely, proton transfer from phenolic CLM group to proton-acceptor, amino acid residue His22 (Fig. 1) .
Destructive exposures can change protein structure, interatomic distances in CLM surrounding, and hence the efficiency of proton transfer in the CLM electron-excited states. These processes are followed by the redistribution of neutral ('violet') and ionized ('blue-green') forms of CLM. This feature makes CLM-CFPs as perspective multicolor biomarkers for external exposure evaluation. As a result, the CLM-CFPs present a basis for the new type of toxicity assay, i.e., fluorescent bioassay with color registration. Additionally, application of CLM-CFPs forms a physicochemical approach to understanding biological responses to toxic impacts.
It is known that preparations of coelenterate' proteins (photoproteins) are already applied as bioluminescent markers to monitor intracellular calcium [4, 5] . CLM-CFPs are products of these bioluminescent reactions, and their application prospects as toxicity bioassays attach multi-functionality to the coelenterate' protein preparations.
Changes of fluorescence CLM-CFP spectra under exposure to organic compounds have been already studied previously [6, 7] ; a series of alcohols and DMSO were taken here as examples of the exogenous compounds. Temperature-dependent variations of CLM-CFP fluorescence spectra were presented in [8] .
Variability of CLM-CFP spectra under radioactive exposure has not been studied yet. Current paper aimed at correlations between fluorescence characteristics of CLM-CFPs and parameters of lowdose radioactive exposure. Discharged obelin, product of bioluminescentreactionofmarinecoelenterateObelialongissima,hasbeen chosen here as a representative of CLM-CFPs. Dependence of contributions of colored components in the discharged-obelin fluorescence vs. time of exposure to low-intensive ionizing radiation of beta type was under investigation.
Materials and methods
The recombinant preparation of photoprotein obelin from hydroid polyp O. longissima was used to construct a dischargedobelin-based assay system. It was obtained from Photobiology laboratory, Institute of Biophysics, SB RAS, Krasnoyarsk, Russia [9] . EDTA was from Sigma, Germany, whereas Tris and ethanol were from Fluka, Switzerland.
Radioisotope tritium was used as a source of ionizing radiation. Tritiated water (radiochemical purity 98%), was added to the obelin solutions. The characteristics of the samples tested were as follows: 200MBq/Lspecificradioactivity,and10 −5 Mobelinconcentration.
Overall time of exposure to tritium was 18 days; t = 5°С. The fluorescent spectra were registered in 24 h, at 20°C, with PerkinElmer LS55 fluorescence spectrometer (USA). The parameters of registration were the following: the 360-650 nm wavelength scanning range at 350 nm photoexcitation.
Fluorescence yields Q were calculated in the coordinates: fluorescence intensity-wavelength number. They were compared to those for control (non-irradiated) samples at the corresponding time of radioactive exposure; relative quantum yields Q rel were calculated and plotted vs. time of exposure to tritium. Experimental error was 8-10% for all Q rel values. Mathematical processing of the complex fluorescence spectra was performed using software packages Origin 8.5.1 and Matlab 8.0. To determine the number and maxima of the spectral components, the second derivative method was used. The spectra were deconvolved into individual Gaussian components in the coordinates: fluorescence intensity-wavelength number [10] . The deviation d of the calculated spectrum from the experimental one was evaluated as follows:
where S exp is the area of the experimental spectrum and S comp is the area of the individual spectral component. The value of d did not exceed 0.5%. Contribution W of the 'violet' or 'blue-green' spectral components (I or II + III, respectively), to the overall fluorescence spectrum was calculated as follows:
The average values of W were obtained in four parallel experiments with five measurements for all irradiated and control (non-exposed) discharged-obelin solutions. Dependencies of W on time were determined in radioactive and control solutions. Time-courses of the spectral contributions in radioactive solutions were corrected according to those in the control samples. Relative spectral contributions W rel were calculated and plotted vs. time of exposure. Experimental error for W rel values was 8-10%.
Results and discussion
Effects of beta radiation of tritium, a component of tritiated water, on light-induced fluorescence of discharged obelin were studied. The protein samples were exposed to beta-radiation for 18 days, maximal dose accumulated by the samples was 0.28 Gy. This dose value is close to a tentative limit of a low-dose interval. The 18-day experiment resulted in 80% decay of the fluorescence intensity in the control samples at 5°С.Ascomparedto40°С [8] , lower temperature increases time stability of discharged obelin.
Noticeable changes of the spectral shape were found in all irradiated samples, as compared to the non-radiated (control) samples. Figure 2 presents an example of this change.
It was found that all the spectra were a superposition of three components with spectral maxima at 415, 500, and 565 nm, corresponding to violet, blue-green, and green spectral regions, respectively. An example of discharged-obelin spectrum and its components I-III are presented in Fig. 3 .
The components were attributed to different fluorescent forms of protein-bound coelenteramide: neutral (I) and ionized (II and III) forms according to data from [11] [12] [13] . Ionized forms II and III might differ in effective proton location between phenolic CLM group and His22 as a proton acceptor [14] (Fig. 1) .
Time-courses of the spectral component contributions were studied. Values of relative contributions, W rel , are presented in Fig. 4 .
The figure demonstrates that the exposure to tritiated water results in the increase of contribution (W rel > 1) of violet fluorescence (component I) and the decrease of contribution (W rel < 1) of blue-green fluorescence (components II and III). The increase of the 'violet' contribution (I, Fig. 4 ) was more than 50% after 18-day exposure. Valuable changes of W rel were observed already after 2-day exposure; corresponding radiation dose absorbed by this time was c. 0.03 Gy. Hence, the fluorescence of discharged obelin demonstrated high sensitivity to low-dose radiation of tritium.
As discussed in [6] [7] [8] , rise of 'violet' contribution in the fluorescence spectra of CLM-CFPs is an evidence of destructive exposures-chemical or thermal. Radioactive exposure can be considered from the same point of view: it results in partial protein destruction, change of CLM microenvironment, and efficiency of its ionization.
Dependence of the overall fluorescence of discharged obelin on the time of exposure to ionizing radiation of tritium was studied as well. Figure 5 shows changes of relative fluorescence quantum yields Q rel under exposure to tritium beta radiation during 18-day observation. Moderate time decay of Q rel is evident from this figure. This result shows that overall quantum yield of visible fluorescence can hardly be applied to monitor radiotoxicity of ionizing radiation in water media.
Conclusion
The study develops physicochemical approach of radiotoxic effects. Simplest biological object, coelenteramide-containing fluorescent protein, was applied as a test system. Changes in Fig. 3 the protein visible fluorescence spectra were observed under the conditions of low-intensive radioactive exposure: increase of 'violet' and decrease of 'blue-green' fluorescent contributions were found. The effect was explained with destructive ability of low-dose radiation, change of the coelenteramide microenvironment, and, hence, decrease of efficiency of photochemical proton transfer in favor of the neutral ('violet') coelenteramide form (Fig. 1) .
The study addresses the biological effects of chronic low-dose radiation. Prospects for application of the coelenteramide-containing fluorescent protein as a radiotoxicity multicolor bioassay were shown. High sensitivity of the protein response to low-dose ionizing radiation of tritium was demonstrated. Simple registration of luminescent test parameter imparts convenience and prospectivity to the proteinbased test system. Development of the protein-based colored biomarkers can form a physicochemical basis for understanding biological response to toxic exposures in luminescence assay systems of different complexity [15] [16] [17] [18] [19] [20] [21] [22] . 
